The in-plane component of the wavefield provides valuable information about media properties from seismology to nondestructive testing. A new compact scanning laser ultrasonic interferometer collects light scattered away from the angle of incidence to provide the absolute ultrasonic displacement for both the out-of-plane and an in-plane components. This new system is tested by measuring the radial and vertical polarization of a Rayleigh wave in an aluminum half-space. The estimated amplitude ratio of the horizontal and vertical displacement agrees well with the theoretical value. The phase difference exhibits a small bias between the two components due to a slightly different frequency response between the two processing channels of the prototype electronic circuitry.
I. INTRODUCTION
Ultrasonic measurements have found application ranging from medical imaging and nondestructive testing to scaled modeling for seismology. Contacting piezoelectric transducers have traditionally been used as both source and receiver, but using these can result in mechanical ringing and variations in coupling. In addition, transducers are on the order of the size of the resonant wavelength, which can make them scatter the wavefield. Laser-based ultrasound has become an alternative noncontacting technique to transducers. 1 Ultrasonic laser interferometers and vibrometers have a broadband response and a submillimeter spot size. Since these laser-based sensors do not require physical coupling, one can scan a surface under computer control. Typically only the out-of-plane component of the wavefield is recorded, but Nishizawa et al. 2 performed two mutually orthogonal laser measurements at 45°incidence in addition to a normally incident measurement to get the in-plane component of the wavefield. Cand et al., 3 on the other hand, used a twochannel confocal Fabry-Pérot interferometer and collected scattered light in two symmetrical directions with respect to the plane of normal incidence. Finally, Staszewski et al. 4 acquired two-dimensional scans of Lamb waves in metallic samples. Their costly system used includes three laser beam heads and involves extensive alignment with a location/ range-finding geometry module; the alignment can be a limiting factor for spatial resolution, and therefore restricts this sensor to lower frequencies. Here, we present a novel singlebeam adaptive interferometer to detect both the out-of-plane and the horizontal in-plane displacement components, on the fly. As an example, we describe calibration measurements of the Rayleigh wave in a large aluminum sample.
II. DESCRIPTION OF THE SENSOR
Our adaptive laser ultrasonic receiver is based on a constant-wave doubled Nd:YAG ͑Neodymium-doped Yttrium Aluminum Garnet͒ laser, generating a stable 250 mW beam at a wavelength of 532 nm. The beam is split into a probe beam which is reflected by the sample surface and a reference beam which follows a fixed optical path inside the device. The receiver uses two-wave mixing in a photorefractive crystal to deliver the true displacement of the sample surface. The reference and object beams are combined in the photorefractive crystal to form a real-time hologram which diffracts each beam into the other direction. The crystal performs several critical functions. First, it acts as an adaptive beam splitter, which combines the transmitted signal beam with the diffracted reference beam with exact wavefront matching. Second, it compensates for slow variations in the wavefront of the signal beam. A DC voltage is applied to the crystal to enhance the grating diffraction efficiency and to provide the proper phase for coherent detection.
The optical setup is shown in Fig. 1 . We take advantage of the roughness of the material surface by collecting the light scattered away from the angle of incidence ͑the f-number of the system is 0.8͒, which carries information on the in-plane displacement. After the reference and probe wavefront interfere in the photorefractive crystal, the circular beam goes through a cylindrical lens and is imaged on a linear 16-element photodiode. The optical setup is symmetric, so that elements can be treated in pairs corresponding to the same absolute angle. We number the elements e Ϯi with i = 1 for the center pair and i = 8 for the outside pair; positivenumbered elements belong to one-half of the photodiode and negative-numbered elements to the other. Each detector element corresponds to an angle i at which the collected light is scattered by the sample surface. Since out-of-plane motion is symmetric with respect to the probe beam axis, but in-plane motion is asymmetric, the motion recorded by the element e i is s Ϯi = cos͑ i ͒u z Ϯ sin͑ i ͒u x , where u z and u x are the displacements along the ͑out-of-plane͒ z axis and ͑hori-zontal in-plane͒ x axis.
For small angles i , we find that
As a result, the out-of-plane displacement is obtained by summing over all elements, but for the in-plane motion each element pair is treated with an automatic gain control and a differential amplifier proportional to 1 / i , as shown in Fig. 2 , before the resulting signals are summed together. To calibrate the measured particle displacements, a piezoelectric transducer mounted with a mirror introduces a known displacement at a low frequency f c on the reference beam. This signal is bandpass filtered and feeds an amplification loop controlled by the reference voltage V ref to calibrate the in-plane and out-of-plane signals at 100 mV/nm.
III. POINT MEASUREMENT
We measure the amplitude and phase of a Rayleigh wave in an aluminum block ͑214ϫ 232ϫ 277 mm 3 ͒ previously described in Scales and van Wijk 5, 6 and van Wijk et al. 7, 8 Elastic waves are generated by a pulsed Nd:YAG laser source, with a 20 Hz repetition rate. The source beam is partially focused, resulting in a circular source spot approximately 4 mm in diameter, 77 mm from the receiver ͑Fig. all edges of the sample as well as the source spot are tens of wavelengths away. We therefore consider the detection to be in the far field, where the wave modes are fully established. The Rayleigh wave in this effectively homogeneous isotropic half-space is characterized by elliptical retrograde motion at the free surface: the horizontal and vertical components of the displacement are 90°out of phase. Furthermore, the ratio between the maximum amplitudes of the two components
where ␤ is the shear wave velocity and c x the Rayleigh wave velocity.
9,10 Based on our data and previous studies in this sample, ␣ = 6060 m / s, ␤ = 3120 m / s, and c x = 2905 m / s, resulting in an H/V ratio of 0.64.
The absolute displacements from both channels are presented in Fig. 4 . We estimate the H/V ratio to be 0.64Ϯ 0.02 from the discrete amplitudes in the power spectrum and obtain the phase difference by subtracting the unwrapped phase angles of the complex part of the Fourier transform, similarly to Cand et al. 3 However, we find the phase difference between the in-plane and out-of-plane wavefields to be 97Ϯ 1°, a bias of 7°. All error bars represent the uncertainty at 2, where is the standard deviation in the phase and amplitude calculation over all frequencies, respectively. The most significant source of error in our H/V estimates is due to the in-plane signal, as shown in Fig. 7 . This phase offset originates from a difference in the frequency response between the electronic circuitry for calculation of the in-plane and out-of-plane signals, as explained in Sec. II. In the future, the phase difference can be eliminated by carefully matching the frequency response of both in-plane and out-of-plane circuits.
IV. A PRELIMINARY LINE SCAN
We place the receiver on a motorized stage to record the ultrasonic signals at source-detector offsets between 74 and 101 mm, acquired every half millimeter ͑Fig. 5͒. Once we focus the beam in the center of the acquisition line, the entire scan is automatic and lasts on the order of minutes. Figure 6 displays an average H/V ratio of 0.63Ϯ 0.05 and a phase difference of 100Ϯ 4°. We attribute variations in the scan results to small variations in detector focus cause by a variable distance to the sample on the order of tens of micrometers. Because a large collecting angle is required for good in-plane sensitivity, it is critical to be well positioned at the focus in order to achieve accurate in-plane measurement. Figure 7 shows how quickly the in-plane noise level increases, and therefore the signal-to-noise ratio degrades, when moving out of focus. The focus positioning accuracy is not as critical for the out-of-plane detection. Future work involves the development of an autofocusing module in order to maintain the focus position corresponding to the lowest in-plane noise level, as shown in Fig. 7 , and obtain the highest accuracy in phase and amplitude in automated scans.
V. CONCLUSION
A new laser interferometer takes advantage of the surface roughness of the sample for light to scatter away from the angle of the incident laser beam. The reflected light is recorded on a linear array of photodiodes, after which inplane and out-of-plane particle displacements are determined. First results indicate that the amplitudes match theoretical calculations. The phase information is slightly biased because of a difference in the frequency response of electronic circuitry to measure in-plane and out-of-plane motions. The sensor allows for rapid scanning of the wavefield; future implementation of an autofocus module based on monitoring the noise level of the in-plane signal should further improve accuracy of the scanned wavefield. 
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